WEDEMEYER, GARY (Fish-Pesticide Research Laboratory, Denver, Colo.). Uptake of 2,4-dichlorophenoxyacetic acid by Pseudomonas fluorescens. Appl. Microbiol. 14:486-491. 1966.-Factors influencing the uptake of the sodium salt of 2,4-dichlorophenoxyacetic acid (2,4-D), under conditions in which no net metabolism occurred, were investigated in an effort to determine both the significance of "nonmetabolic" uptake as a potential agent in reducing pesticide levels and the mechanisms involved. Uptake of 2,4-D was affected by pH, temperature, and the presence of other organic and inorganic compounds. Uptake was more pronounced at pH values less than 6, which implies that there may be some interaction between charged groups on the cell and the ionized carboxyl group of 2 ,4-D. Active transport, carriermediated diffusion, passive diffusion, and adsorption were considered as possible mechanisms. Though uptake was inhibited by glucose, sodium azide, and fluorodinitrobenzene (but not by uranyl ion), 2,4-D was not accumulated against a concentration gradient, a necessary consequence of an active transport system, nor was isotope counterflow found to occur. Thus, carrier-mediated diffusion was finally precluded, implying that uptake probably occurs by a two-step process: sorption onto the cell wall followed by passive diffusion into the cytoplasm.
Information about the susceptibility of pesticides to biodegradation is important to a variety of research workers who must be concerned with their safe and effective use. However, it is important to know not only whether catabolism occurs and the details of the metabolic pathways involved, but something of the conditions influencing the initial uptake of the pesticide molecule, which, after all, must occur before most metabolic transformations can begin. In addition, Alexander (2) has emphasized the need for information concerning any biological action which can subsequently result in a net decrease in pesticide concentration, and thus potentially in toxicity, even though no actual catabolism has taken place.
2,4-Dichlorophenoxyacetic acid (2,4-D) was chosen for this study because many other aspects of its biodegradation have been explored, but there is little information available concerning the mechanism of its initial uptake by microorganisms (1, 4, 12) . Pseudomonas fluorescens was an ideal test organism for this purpose since it is common in soils, and it could be shown that it does not metabolize 2,4-D as a sole carbon source, a decided advantage in studies of this kind.
MATERIALS AND METHODS
Cultures, 12 to 18 hr, of P. fluorescens, grown on either Trypticase Soy Broth (BBL) or a 3% peptone-1% glucose medium, were harvested by centrifugation, washed twice with phosphate-buffered saline (pH 7), resuspended in the same medium, and aerated for 30 min at room temperature. As the work progressed, it was found that the aeration step was inconsequential, and it was subsequently omitted. The suspension was kept refrigerated until needed, with storage times up to 48 hr proving to be satisfactory.
The uptake studies were conducted by suspending the washed cells (1 to 20 mg ofcells per ml, dry weight) in the sodium salt of 2, 4-D (acid) of desired concentration by use of either distilled or buffered water. It was found that both the composition and the ionic strength of the buffer were of importance. Although the uptake in 0.07 M phosphate or acetate buffer was similar to that in water, uptake was decreased in 0.02 to 0. for a prescribed time interval, the cells were separated by centrifugation or Millipore filtration, washed with additional cold buffered saline, and the 2,4-D remaining in solution was determined by the spectrophotometric method of Gordon and Beroza (10) .
Because of the generally small cell densities employed, the volume-distribution method for measuring uptake was not used (7) . Spheroplasts were prepared by use of the method of Burrous and Wood (5), modified as follows. Lysozyme was added to a cell suspension of about 11 mg of cells per ml (dry weight) to give a final concentration of about 2 mg/ml. In addition, it was necessary to add cysteine at a final concentration of 0.4 mm to activate the enzyme. Under these conditions, virtually complete conversion could be obtained by incubating the suspension at about 10 C overnight. The spheroplasts were collected by low-speed centrifugation at 10 C, washed once with 0.32 M sucrose, and used immediately.
Fluorodinitrobenzene (FDNB)-blocked cells were prepared by shaking 10 ml of a 10 mg/mi (dry weight) cell suspension with 1.1 mm FDNB in 5% NaHCO, for 30 min at room temperature, separating the cells by centrifugation, washing once with phosphatebuffered saline (pH 7), and resuspending in the same medium. The methyl ester of 2,4-D was prepared by refluxing 11 g of 2,4-D acid dissolved in 200 ml of methanol and 2 ml of concentrated H2S04 for 3 hr. The resulting oily layer, the ester, was decanted, allowed to solidify at room temperature, and recrystallized from dilute ethyl alcohol. The identity of the compound as an ester was confirmed by infrared spectrophotometry, and its essential purity by solubility criteria.
RESULTS AND DIScussioN
When "resting" suspensions of P. fluorescens were incubated with various concentrations of the sodium salt of 2,4-D in 0.07 M phosphate buffer (pH 7), it was found that the 2,4-D was gradually removed from solution, the uptake reaching its maximal value after about 20 min. Longer ex- posure times, even up to 120 min, did not result in any additional uptake ( Fig. 1 ). In addition, the uptake (expressed as milligrams per gram of cells) was found to be a direct function of the initial amount of 2 ,4-D only in the concentration range of 0 to 12 mg/ml (0 to 56 mM), reaching a maximal value of about 4.5 mmoles/g of cells (dry weight) when the 2,4-D concentration was increased past this point ( Fig. 2 ). However, these data did not rigorously fit either a Langmuir or a Freundlich adsorption isotherm, except over a limited concentration range. In addition, when 2,4-D uptake was measured by use of isolated cell walls suspended at similar densities, the uptake (in this case presumably due to adsorption only) was constant at about 18 umoles/g of cell wall material, even over the pH range of 5 to 7. These results indicated that the observed uptake of 2,4-D probably could not be explained solely on the basis of simple physical adsorption; however, as one additional criterion, 2,4-D uptake was measured at 1 C with 30-sec exposure times. This test, which has often been used as a correction for adsorption (6) , confirmed that only about 4% of the total uptake could be accounted for solely on this basis.
Since any biological transformation, metabolic or not, which results in a net lowering of pesticide concentrations is of consequence, it was considered desirable to carry out a more detailed investigation into the mechanisms involved.
When uptake was measured at cell densities ranging from 2 to 20 mg/ml (dry weight) with the use of a constant initial 2,4-D concentration of 4.5 mM (pH 7), it was found that in all cases the 2,4-D concentration was reduced by approximately the same amount (15%) (however, the uptake, if expressed as milligrams per gram of cells, was independent of the cell density of the suspension above 10 mg/ml, dry weight). Similarly, when cell suspensions were incubated with 2,4-D at concentrations ranging from 0.10 to 120 mm, the amount of 2,4-D remaining in solution was found to be a direct linear function of the initial 2, 4-D concentration. Although this finding implies that at least the rate-limiting step in the uptake is governed by diffusion kinetics, it must be kept in mind that the participation of a carrier-mediated diffusion system with a high value of Km (dissociation constant of a carriersubstrate complex) cannot be excluded on the basis of kinetic studies (16) . Consequently, it was necessary to do additional experimental work.
The initial uptake could be almost completely repressed by sodium azide, if it was added at concentrations greater than about 0.5 mg/ml (8 mM). At lower concentrations, the uptake was inversely proportional to the amount of azide present (Fig. 3 ). In addition, adding azide after the uptake had reached its maximal value (i.e., to "preloaded" cells) resulted in an efflux, at an exponential rate, of the accumulated 2,4-D into the suspending medium (Fig. 4 ). This is the expected result if the effect of the inhibitor was on the entrance only, i.e., on the initial uptake (11) . Various other inhibitors were tested in addition to sodium azide. Uranyl ion, which is known to block specifically sugar and amino acid transport in many cells (8, 9) , had no effect at concentrations up to 2.5 mm. Glucose inhibited the initial uptake of 2,4-D to some extent (Table  1) , and in addition displaced 2,4-D from preequilibrated cells (Table 2) . However, a Lineweaver-Burk plot (11) of uptake in the presence of 1% glucose revealed that the inhibition was noncompetitive over the range of 2,4-D concentrations investigated (Fig. 5 ). In addition, glucose-induced countertransport could not be demonstrated. These results, together with the previously mentioned lack of inhibition by uranyl ion, tend to rule out uptake via a sugar transport system.
Total uptake versus 2,4-D concentration studies were carried out to clarify the nature of the 2,4-D "binding" sites. These revealed that, (Fig. 6 ). It was possible to saturate the cells with 2,4-D by increasing the concentration above 68 mm (15 mg/ml), thus yielding an apparent value for Km of about 7 mmoles per liter. In addition, a plot of bound 2,4-D per gram of cells per mole of free 2,4-D versus bound 2,4-D per gram of cells (14) gave a straight line, which indicated that a single class of binding sites was involved (Fig. 7) . The hypothesis that n-terminal amino acids might be involved at these sites was supported by the results of studies conducted by use of FDNB-blocked cells, a reagent which is specific for amino groups. It was found that about 10% of the initial 2,4-D present was consistently removed from solution over a pH range which included the pK values of a-amino acids (pH 4 to 8).
The pH of the suspending medium in the range of 6 to 8 had little effect on the 2,4-D uptake of cells not treated with FDNB. However, at pH values less than 6, uptake was markedly in- creased. Significantly, if azide ion was present (0.02 M), uptake could not be increased by lowering the pH (Fig. 8 ), which appears to rule out H+-induced damage to the cell membrane, or cell wall, as a reason for the observed increase.
It seemed reasonable that the explanation for this pH effect would involve the ionization of VOL. 14, 1966 489 either the carboxyl group of 2,4-D (pK of about 3) or charged groups on the cell membrane, or cell wall, or both. To separate these two effects, the ionization of the carboxyl group of 2,4-D was blocked by esterifying with methanol. When the uptake of the ester was subsequently measured at pH 5 to 8, it was found that, although the total uptake was about the same as before, it could not now be influenced by varying the pH. Parallel studies conducted with isolated cell walls and with FDNB-blocked cells gave similar results; i.e., there was no variation in uptake over the range of pH 5 to 8. These data imply (but do not conclusively prove) that the 2,4-D uptake is mediated by the interaction of both the carboxyl group of 2,4-D and charged groups on the cell membrane, possibly amino groups. Because of their fragility, it proved impractical to conduct uptake studies with isolated spheroplasts.
In an attempt to determine whether an actual intracellular accumulation of 2,4-D could occur in the absence of a cell wall and whether or not the 2,4-D would be free or bound, spheroplasts were prepared, by use of the previously mentioned method, and incubated in 0.33 M sucrose with 2 ,4-D at concentrations ranging from 0 to 0.12 M. At 2,4-D concentrations less than 18 mm (4 mg/ml), the spheroplasts were stable for at least 30 min, but, as the 2,4-D concentration was increased above this amount, increasingly more rapid lysis occurred as determined both by direct microscopic examination and by a decrease in the optical density of the suspensions ( Table 3 ). The possibility that this rupturing was caused by an increase in internal osmotic pressure due to intracellular 2,4-D was tested by experiments in which the external osmotic pressure was varied from 4.8 to 48 atm with sucrose, while the 2,4-D concentration was held constant at 40 mm (equal to 1 atm). It was found that, although the rates were different, no significant decrease in the total amount of lysis occurred except at the highest sucrose concentration (Fig. 9 appears to rule out increased internal osmotic pressure as the primary lytic agent. Thus, it is evident that an accumulation of 2 ,4-D against its own concentration gradient did not occur.
Consequently, it appears that the above data do not support active transport as the mechanism by which 2,4-D uptake occurs, because, even though other criteria have been met, it has been pointed out (13) that an accumulation against a concentration gradient is the only certain criterion of active transport. Thus, only carrier-mediated diffusion or passive diffusion remain as likely possibilities.
The fact that apparent Michaelis-Menton kinetics were followed, together with the efflux of accumulated 2, 4-D which occurred when sodium azide was added to pre-equilibrated cells, supports carrier-mediated diffusion. However, the amount of 2,4-D remaining in solution was always found to be a direct linear function of the initial 2,4-D concentration, and this is usually taken to mean that at least the rate-limiting step in the uptake occurs by passive diffusion. In addition, it has been pointed out that the kinetics of a carrier-mediated diffusion system are formally identical to those of a purely adsorptive system (13) .
To differentiate between these two mechanisms, the technique of "isotope countertransport" was used. Cell suspensions were prepared as before, and incubated ("preloaded") with 0.3 mM C'4labeled 2,4-D. The cells were then exposed to high concentrations of "cold" 2,4-D (3 to 120 mM), and the extent of the C14-2,4-D counterflow was determined. When isotope countertransport can be shown to occur, it is commonly concluded that a carrier-mediated diffusion mechanism is involved, since this phenomenon cannot occur in a purely adsorptive system (15, 16) . The results revealed that, within the limits of counting error, no efflux of C14-2,4-D occurred from the cells (i.e., no increase in the count rate) when "cold" 2,4-D was added at concentrations up to 400 times higher than the C14-2,4-D level.
Thus "nonmetabolic" 2,4-D uptake, although showing some of the features of a carrier system, must probably, in common with the uptake of lysine reported by Britt and Gerhardt (3), be accounted for in terms of a two-step process: an initial physicochemical sorption followed by passive diffusion. The fact that such passive uptake exists in at least one microorganism, regardless of the mechanism, would suggest that care should be taken in the interpretation of results when substrate depletion is used as a measure of pesticide biodegradation. However, from another point of view, such a mechanism may be of interest as a potential means of "detoxifying" such highly chlorinated pesticides as toxaphene, endrin, and DDT, which are known to be very recalcitrant. Additional studies are being carried out to evaluate the role of "nonmetabolic" uptake in terms of its generality and efficacy in decreasing residue levels of these substances.
